ABSTRACT
INTRODUCTION
Simple sequence repeats (SSRs) or microsatellite DNA sequences are abundant in eukaryotic genomes (9) . The number of repeat units is highly variable, and the flanking sequences are relatively conserved among haplotypes of the same species. Length polymorphism relies on a difference in the number of repeat units in different genotypes and is revealed after PCR amplification with primer pairs designed to the SSR flanking regions. This PCR-based SSR marker is generally co-dominant and highly polymorphic, providing an efficient marker system for genomic analysis in many species (2, (4) (5) (6) (7) . SSR sequences have generally been identified either in DNA sequence databases or following the screening and sequencing of small-insert genomic libraries. Recently, Cregan et al. (3) reported the development of SSR markers by subcloning a limited number of bacterial artificial clones (BACs). In this paper, we describe a PCR-based method for the development of SSR markers from BACs without subcloning.
This method relies on the suppression PCR technique developed by Siebert et al. (8) . Key to the technology is a specifically designed adapter consisting of uneven strands. The shorter bottom strand carries an amine group at its 3′ end, which blocks polymerase catalyzed extension of this adapter strand. When a DNA template is ligated to adapters, binding sites for adapter primers are only generated following extension from a template-specific primer. In addition, any generated PCR products that contain double-strand adapter sequences at both ends will form "panhandle" structures upon denaturation because of the presence of inverted terminal repeats. These structures are more stable than the primer-template hybrids and will not be amplified.
MATERIALS AND METHODS

Restriction-Ligation of BAC DNA
Pearl millet BAC clones stored in a 384-well microplate were pooled in two dimensions. DNA was extracted from the 40 BAC pools by alkaline lysis. BAC DNA (50 ng) were restricted with a frequent cutter, TaqI. The majority of DNA fragments were shorter than 1 kb. Ligation to a suppression PCR adapter was carried out in a total volume of 25 μ L One-Phor-All PLUS buffer (Amersham Pharmacia Biotech, Piscataway, NJ, USA) containing 25 μ M adapter, 1 mM ATP, and 0.5 U T4 DNA ligase at 37°C for 3 h. The restriction/ligation mixtures were diluted 10 times with TE buffer and stored at 4°C or -20°C. The adapter was derived from Siebert et al. (8) , with minor modifications to fit to the cohesive ends of TaqIrestricted DNA fragments (Figure 1 ).
Targeting SSR Sequences by Suppression PCR
To specifically amplify SSR flanking sequences, we designed SSR primers that were anchored at the 3′ end with one selective nucleotide (10) . In this pilot study, only two, (AC) 10 C and (AC) 10 T, of the six possible anchored CA primers, (AC) 10 C, (AC) 10 G, (AC) 10 T, (CA) 10 A, (CA) 10 G, and (CA) 10 
Semi-Nested PCR and Sequencing of PCR Products
Fragments that were common to pools from both dimensions were excised from the gel and crushed in 100 μ L TE buffer. Five microliters of supernatant were used as template for seminested PCR using 75 ng adapter primer AP2, 75 ng anchored SSR primer, 1 U Taq DNA polymerase (Roche Molecular Biochemicals, Mannheim, Germany), and 200 μ M dNTPs in a total volume of 50 μ L. The PCR conditions were the same as for the suppression PCR, with the exceptions that pre-denaturation was reduced to 3 min and annealing was carried out at 58°C. The PCR products were purified using the Wizard ® PCR Preps columns (Promega, Madison, WI, USA) and sequenced using the ABI PRISM ® BigDye™ Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's recommendations. AP2 was used as primer in the cycle sequencing reaction.
Isolation and Sequencing of SSR Motifs and Their Second Flanking Sequences
Forward primers (FPs), designed against the obtained sequences, were used in combination with AP1 to amplify the SSR repeats and their second flanking sequences by suppression PCR from the corresponding BAC pools. The PCR products were diluted 250 times, and 5 μ L were used for seminested PCR with the primers FP and AP2. The protocols for suppression PCR, semi-nested PCR, PCR product purification, and DNA sequencing were the same as previously described. Cycle sequencing was carried out with either AP2 or FP.
Confirmation and Testing of the Developed SSR Markers
Reverse primers (RPs) were designed against the second flanking sequences and used in combination with the corresponding FPs to amplify the SSR sequences. In an initial screen, BAC clones from which the SSR originated, restricted and adapter-ligated BAC pool DNA, and genomic DNA from Tift 23DB, which is the inbred line used for the construction of the BAC library, were used as template. SSR markers were then tested for their ability to reveal polymorphism in a panel of 20 pearl millet lines or cultivars. PCR amplification was conducted in a 20-μ L reaction volume with 1×reaction buffer containing 50 ng genomic DNA, 5 μ L denatured BAC clone cultures, or 5 μ L restriction/ligation mixtures, 30 ng FP, 30 ng RP, 200 μ M dNTPs, and 0.5 U Taq DNA polymerase. The PCR was as fol-lows: pre-denaturation at 94°C for 3 min, and 35 cycles each of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min. PCR products were separated on 5% denaturing polyacrylamide gels and revealed with silver staining.
RESULTS AND DISCUSSION
Suppression and Semi-Nested PCR Figure 2 shows the results of suppression PCR on the pooled DNA from BACs in lanes A-P and 1-24 from a 384-well microplate. A highly specific amplification was achieved with the anchored SSR primers and the suppression PCR adapter primer (Figure 1) . The presence of common fragments in the X and Y pools indicates the BAC clone from which the fragment was amplified. In some cases, more than two bands were identified (Figure 2, bands 5  and 9 ). This may be due to the presence of overlapping BAC clones in the pools or to co-migration of different DNA fragments. In this study, only common fragments that were present once in each of the pools and whose origin could be determined unambiguously were excised for further sequencing.
Excision and re-amplification by semi-nested PCR of 27 (AC) 10 C and 24 (AC) 10 T fragments, which were common to X and Y BAC pools, produced 23 and 22 clear single bands, respectively (data not shown). Nonspecific fragments generated during the suppression PCR could be observed in some of the BAC pools, but these failed to amplify during the subsequent semi-nested PCR. Fragments with sizes between 200 and 700 bp were excised and used for sequencing. In total, 40 readable sequences were obtained. Two sequences derived with the (AC) 10 C anchor primer were identical to sequences generated from the (AC) 10 T anchor primer. Therefore, 38 FPs were designed. The ideal region for FP design was 200-100 bases from the SSR motif.
Isolation and Sequencing of SSR Motifs and Their Second Flanking Sequences
SSR motifs and their second flanking sequences were targeted using the FP. Most FPs amplified clear single bands. Occasionally, two or three bands were generated, and all clear bands were excised from low-melting agarose. Fragments shorter than 200 bp were discarded because they were expected to yield insufficient flanking sequence for the RP design. In total, 25 RPs were designed against the 25 highquality sequences containing at least 5 CA/GT repeat units (Table 1) . Table 1 presents the primer sequences, SSR repeat length and expected product size in Tift 23DB, which is the inbred line used for the construction of the BAC library. All 25 primer pairs efficiently amplified fragments from the microsatellite-originated BAC clones, the restricted and adapter-ligated BAC pool DNA, genomic DNA from Tift 23DB, and three further pearl millet lines (Figure 3) . The polymorphism levels of the developed SSR markers were evaluated in 20 selected pearl millet cultivars or lines (Figure 4) , and the polymorphism information content (PIC) values varied from 0 to 0.83. The mapping of the developed SSR markers will anchor these BAC clones to the pearl millet genetic map (data not shown).
SSR Markers
About 46% (11/24) of the sequences contained less than eight SSR repeat units. They generally produced monomorphic PCR products or displayed very low PIC values. Longer micro- Repeat length is unknown because the sequencing reaction was unable to proceed through the repeats. satellite sequences (i.e., more than eight repeats) generally displayed a high level of polymorphism among the 20 pearl millet varieties tested. In this pilot study, suppression PCR was carried out with HotStarTaq DNA polymerase in 1× HotStarTaq DNA polymerase buffer at an annealing temperature of 61°C. It is expected that the use of a more stringent annealing temperature, from 63°C to 65°C, may lead to the isolation of longer microsatellites.
Comparison of the isolated microsatellite sequences with those of the 3′-anchored SSR primers showed some mismatch with the 3′ anchor (data not shown). Therefore, it is possible that the same microsatellite is amplified by differentially anchored SSR primers. In this study, two duplicate sequences were identified with (AC) 10 C and (AC) 10 T. To avoid the isolation of duplicated SSR sequences, the use of two or three anchor nucleotides may be required at the 3′ end. Alternatively, a mixture of the six 3′-end SSR anchor primers can be used in the suppression PCR.
